Background: For patients undergoing general anesthesia, adequate warming and humidification of the inspired gases is very important. The aim of this study was to evaluate the differences in the heat and moisture content of the inspired gases with low-flow anesthesia using 4 different anesthesia machines.
Introduction
No clear-cut values exist for the recommended temperatures and absolute humidities of the inspired gases during mechanical ventilation; however, in humans, the optimal temperature and absolute humidity at the mouth are considered to be approximately 32°C and 27.3 mg H 2 O/L, respectively. [1] The American Association for Respiratory Care has recommended that a heated humidifier should be used to provide an inspired gas temperature of 33.2°C ± 2°C and a minimum of 30 mg H 2 O/L of water vapor routinely for an intubated patient. [2] Thus, passive humidification (heat and moisture exchanger), active humidification (heated humidifier), or low-flow anesthesia are being nowadays used to provide physiological warm and wet gas for patients undergoing general anesthesia. [3] [4] [5] [6] Under low-flow anesthesia with a fresh gas flow (FGF) of 0.5 to 1 L/min, patients breathe from a circle-absorber breathing circuit, and heat and water vapor are added by rebreathing the exhaled gas; the heat and water vapor released from the CO 2 absorbent are also contributory. In a laboratory set up, the use of a circle system with an FGF of 0.5 L/min was more useful in terms of the humidity and inspired gas temperature than a nonrebreathing system with a disposable humidifier. [7] In an exothermic reaction between the expiratory anesthetic gas and the CO 2 absorber, 14 kcal of heat and 2 mol of water are liberated for each mole of CO 2 absorbed. [8] These affect the temperature and humidity conditions during anesthesia.
However, the use of low-flow anesthesia during general anesthesia appears to have a different effect on the heat and moisture conditions, depending on the anesthesia machine. The Cato (Dräger) machine was more effective in warming and humidifying the respiratory gas than the Aestiva machine. [9] The Primus anesthesia workstation also had a significant effect on the temperature, relative humidity, and absolute humidity of the respiratory gas with low FGF. [10] Therefore, evaluation of the heat and moisture conservation with different FGFs and different anesthesia machines or workstations is needed. We compared the heat and moisture conservation during variable FGF anesthesia (0.5, 1, and 4 L/min) among 4 different anesthesia machines or workstations (Ohmeda, Excel; Avance; Dräger, Cato; and Primus)
Methods
This study was approved by the institutional review board (IRB: ED09142) and registered in the clinical trial registry (https:// clinicaltrials.gov: NCT01193465). Written informed consent was obtained from all subjects, a legal surrogate, the parents or legal guardians for minor subjects, or the requirement for a written informed consent was waived by the IRB. We studied 109 American Society of Anesthesiologists physical status I-II patients, aged 25 to 60 years, who were admitted for elective total thyroidectomy or cervical herniated nucleus pulposus operation. Patients with a history of smoking, respiratory disease, fever, or obesity (body mass index >35 kg/m 2 ) were excluded. The groups were divided according to the anesthesia workstations used ( [Dräger] ). The groups were subdivided according to the FGF (0.5, 1, and 4 L/min) used. An FGF of 0.5 L/min was not considered for the Excel machine as FiO 2 monitoring is not possible at such a low flow rate. The groups with FGFs of 0.5 and 1 L/min were evaluated to assess the effect of low FGF anesthesia; some of the reported important advantages include maintaining the body temperature and decreased water loss. [11] Thus, 9 patients each were assigned randomly to 1 of the 11 groups, according to a computergenerated random number sequence (www.randomization.com; first generator; treatment labels: Excel1, Excel4, Avance0.5, Avance1, Avance4, Cato0.5, Cato1, Cato4, Primus0.5, Primus1, and Primus4; number of subjects per block/number of blocks, 11/ 11; initial subject ID number, 1; seed, 4444).
Patients were premedicated with intramuscular injections of midazolam 2 mg and glycopyrrolate 0.2 mg. General anesthesia was induced and maintained by 1 of 4 anesthesia workstations. Standard monitoring of various parameters, including the body Medicine temperature measured at the nasopharynx, bispectral index, electrocardiogram, noninvasive arterial blood pressure, pulse oximetry, expiratory gas concentration, and end-tidal CO 2 , was carried out. In all cases, the CO 2 absorbent was changed to fresh soda lime and the room temperature was maintained at 20°C to 22°C by the air conditioning system. Anesthesia was induced with propofol 2 mg/kg and cisatracurium 0.15 mg/kg. After tracheal intubation, mechanical ventilation was initiated at a respiratory 47.3 ± 8.1 25.4 ± 3.0 22.7 ± 0.4 Avance (n = 27) 0.5 (n = 9) 47.7 ± 9.6 24.5 ± 2.6 22.8 ± 1.0 1 (n= 9) 44.1 ± 8.1 23.8 ± 2.9 22.9 ± 1.6 4 (n= 9) 44.7 ± 10.5 25.4 ± 2.7 22.5 ± 1.6 Cato (n = 27) 0.5 (n = 9) 45.3 ± 8.0 22.1 ± 2.2 22.9 ± 1.7 1 (n= 9) 44.3 ± 7.3 23.1 ± 3.7 22.9 ± 0.8 9 (n= 9) 46.2 ± 9.3 24.2 ± 3.9 23.1 ± 0.8 Primus (n = 27) 0.5 (n = 9) 45.6 ± 6.3 21.9 ± 3.5 23.1 ± 0.5 1 (n= 9) 48.7 ± 6.9 24.2 ± 7.7 22.6 ± 1.0 4 (n= 9) 42.9 ± 10.3 22.0 ± 1.8 22.6 ± 0.5
The data are expressed as means ± standard deviations. Excel (Ohmeda Corporation, Chester, NJ); Avance (GE Healthcare, Helsinki, Finland); Cato (Dräger, Lübeck, Germany); Primus (Dräger, Lübeck, Germany). There were no differences in the age, BMI, and room temperature among the groups. BMI = body mass index. The sensor systems of the Protimeter Hygromaster and Hygrostick (GE Sensing, Billerica, MA) were used for monitoring the inspiratory temperature and absolute humidity. The sensor accuracy was ±3% (at 30%-40% relative humidity) or ±2% (at 40%-98% relative humidity) for humidity, and ±0.3°C for temperature. The sensors were located in the inspiratory limbs of the airway circuit (Fig. 1) . Hence, the inspiratory limbs of the anesthesia breathing circuits (King System Co., Noblesville, IN) were disconnected from the Y-piece adaptor, and 2 T-connectors and 1 ring adaptor (which were detached from limb of another breathing circuit) were assembled between the Y-piece adaptor and the inspiratory limb. The sensor was positioned inside the side hole of the T-connector. The Hygromaster in the black box was connected by a BLD 5802 extension lead (GEsensing) to the Hygrostick. The sensor was funnel shaped and just fit into the side hole of the T-connector without any gas leak. It was integrated by a serial connection of 2 T-connectors and a ring adaptor after disconnecting the inspiratory limb from the Y-piece adaptor.
To estimate the sample size, a power analysis was performed; a sample size of 9 patients in each of the 11 groups was required to detect a 1°C intergroup difference in the body temperature; the power was set at 0.8, a at 0.05, and the standard deviation at 0.5 (obtained from preliminary results). To allow for a 10% drop-out rate, the present study needed a total of 109 participants. All data were represented as means ± standard deviations. The age, BMI, and room temperature were analyzed using the 1-way analysis of variance (ANOVA) test for normally distributed data. Differences within the groups were analyzed using the repeated-measures ANOVA test, and post-hoc comparisons were performed using the Bonferroni test. All statistical analyses were performed using SPSS (Windows ver. 22.0, IBM Corp, Armonk, NY). A P < .05 was considered significant.
Results
The CONSORT flow diagram is shown in Figure 2 . Patients with a history of smoking, respiratory disease, or obesity (body mass index >35 kg/m 2 ) were excluded (n = 10). A total of 99 patients fulfilled the study requirements. There were no significant differences in the age, body mass index, and room temperature, as shown in Table 1 . The blood loss was <300 mL in all cases; blood transfusion or rapid hydration was not needed. There were no statistically significant differences among the group regarding demographic data ( Table 1) .
The decrease in body temperature during the study period was <1°C in each group; there were no differences among Excel, Avance, Cato, and Primus at the same FGF. Three (or 2) FGF groups using same anesthesia workstation showed no significant differences either.
The inspired gas temperatures with different FGFs or anesthesia workstations are shown in Figure 3 and Table 2 . With an FGF of 0.5 and 1 L/min, there were no statistically significant changes in the inspired gas temperatures over time Table 2 Comparison 
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Medicine within the groups. With an FGF of 4 L/min, there were no statistically significant differences in inspired gas temperatures over time within the groups, except at some points with Primus4 and Avance4. The inspired gas temperatures of Excel4, Avance4, Cato4, and Primus4 did not differ statistically in our study. The inspired gas temperatures with all anesthesia machines for low-flow anesthesia were lower than the recommend temperature (i.e., 32°C). [1] The absolute humidities of the inspired gas with different FGFs or anesthesia workstations are shown in Figures 4 and 5 , and Table 3 , respectively. The absolute humidities of the inspired gas with different FGFs or anesthesia workstations are shown in Figures 4 and 5 . In low-flow anesthesia, the absolute humidities of the inspired gas with Excel, Avance, Cato, and Primus increased progressively for approximately 60 minutes before reaching a plateau (P < .05). The absolute humidities of the inspired gas with Cato and Primus increased progressively for approximately 30 minutes before reaching a plateau when an FGF of 4 L/min (P < .05) was administered. However, the absolute humidities of the inspired gas for all anesthesia machines under low-flow anesthesia were lower than recommended value (i.e., 27.3 mg H 2 O/L).
[1]
Discussion
According to our results, all the studied anesthesia machines or workstations provided heat and humidity to fresh gas under lowflow anesthesia. The Cato and Primus workstations provided heat and humidity to fresh gas even at an FGF of 4 L/min. However, even under low-flow anesthesia, the inspired gas temperatures and absolute humidities of all anesthesia machines were lower than the recommended values.
The consensus on the adequate temperature and absolute humidity of the inspired gas during mechanical ventilation using an endotracheal tube is not definite. Dery et al [12] suggested the concept of an isothermic saturation boundary. In the subglottic space, inhaled gas normally has a temperature of 31.2°C to 33.6°C, 95% to 100% relative humidity, and 33 mg H 2 O/L of absolute humidity during spontaneous breathing. [13] [14] [15] Under normal physiological conditions, the humidity and temperature of the inhaled air increase when it passes through the nose and upper airways. Finally, the air reaching the alveoli attain a temperature of 37°C, the body temperature, with 100% relative humidity and 44 mg H 2 O/L of absolute humidity at the isothermic saturation boundary during physiologic respiration. [14] Similarly, during expiration, the upper airways and nose maintain the heat and moisture of the air from the lower airways. However, in patients with tracheal intubation, tracheostomy, or those undergoing mechanical ventilation, this protective maintenance of the heat and moisture does not occur. In this situation, ventilation with dry and cold compressed gases leads to a shift in the isothermic saturation boundary from the carina to the lower respiratory tract, which is vulnerable to dehydration, unless appropriate means of humidification and heating are used. [16, 17] The cold and dry medical gas, by downward shifting of the isothermic saturation boundary, can cause problems or complications in the respiratory tract, such as epithelial damage, [18] alteration and dysfunction of the mucociliary system, [17] leading to decreased gas exchange, postoperative atelectasis, [19] and increased airway response to histamine. [16] During general anesthesia, maintaining the optimal temperature and humidification are very important issues to the anesthesiologist. With dry and cold inspired gases, epithelial damage [18] is likely to occur and the mucociliary system [17] may be altered; dysfunction of the mucociliary system leads to decreased gas exchange. [20] The airway response of the patients to histamine [16] and the extent of postoperative atelectasis [19] are also increased. Therefore, previous studies tried to control the temperature and humidification of the inspired gas during general anesthesia in many ways. Using closed-circuit anesthesia system with a CO 2 absorbent such as soda lime is 1 way to provide warm and humid gas to patients than a high-flow system. [21] Thus, low-flow anesthesia may be the one of the methods providing physiologic warm and wet gas during general anesthesia. [22] According to a previous study, [23] low-flow anesthesia resulted in a greater preservation of the body heat than high-flow anesthesia (28.4°C ± 1.5°C vs 26.1°C ± 0.6°C after 120 min of anesthesia with an FGF of 1.0 or 6.0 L/min); moreover, low-flow anesthesia provided 2 times more humidification (26.6 ± 2.3 vs 13.0 ± 2.6 mg H 2 O/L after 120 min of anesthesia with an FGF of 1.0 or 6.0 L/min FGFs) than high-flow anesthesia. Our results revealed that the moisture-providing effect of low-FGF anesthesia was effective in all the anesthesia machines, but insufficient.
In our study, the provision of heat and moisture was better in the anesthetic workstations of Primus and Cato. These differences might be due to the hot plate within the Dräger Primus anesthesia workstations, which were designed to avoid water condensation-induced trouble or malfunction. The built-in hotplate performed the role of heating exhaled gases in the breathing circuit. [24, 25] The exhaled gases were provided with heat and humidity while they moved through the hotplate and crossed the soda lime canister, even though they mixed with the cold and dry FGF. The Dräger Cato anesthesia machine has a unique mechanism of a built-in hotplate and repeated pathway of the CO 2 absorbent that adds more heat and moisture during each breath. Therefore, our result showed that the inspired gas temperature and absolute humidity of Cato0.5 were higher than those of Primus0.5 (P < .05).
However, our results were lower than the results of previous similar studies. According to Wada et al, [9] the temperature of the inspired gas in the Dräger Cato machine with an FGF of 0.5 L/min was 32.8°C ± 2.6°C and the absolute humidity was 34.8 ± 3.2 mg H 2 O/L after 120 minutes, respectively. Other reports have also suggested that the temperature and absolute humidity values of the inhaled gas in the Primus anesthesia workstation were 25°C ± 1°C and 20.5 ± 3.6 mg H 2 O/L, respectively. In our study, the inspiratory temperatures of the Cato and Primus workstations with an FGF of 0.5 L/min were 26.2°C ± 0.2°C and 20.0°C ± 1.3°C, respectively. Moreover, the absolute humidities were 19.6 ± 0.5 and 14.9 ± 1.2 mg H 2 O/L, respectively, after 120 minutes. These results seem to be caused by the lower baseline values due to the long preparation time (10 vs 20 min). Moreover, we checked the temperature and absolute humidity of the inspiratory limb. Generally, previous reports checked the temperature and absolute humidity between the endotracheal tube and the Y-piece adaptor. [9, 24, 26, 27] Subsequently, those results had a possibility of overestimating the heat-and moisture-providing effect.
This study had limitations regarding the calculation of the sample size. We calculated the sample size considering the temperature alone; however, if we had analyzed the sample size considering the time, the ventilator type, and the FGF, we could have obtained a more appropriate sample size.
In conclusion, the provision of heat and humidity under lowflow anesthesia was different for different anesthesia machines. However, even in the most efficient machine, these came short of the existing recommendations. It appears that an additional device that has better heat-and moisture-providing effects is needed for patients undergoing procedures under general anesthesia. Table 3 Comparison of the absolute humidities of the inspired gas with time and ventilator with 3 different fresh gas flow rates (0.5, 1, and 4 L/min). 
